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RHIC data available
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Generic features of A-A collisions - I
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STAR Preliminary
Statistical errors only

0-5%

60-80%

π+ pK+

π+ K+ p

pT (GeV/c)

Pion spectra:

 Significant change in slope for 
peripheral data with collision energy

Proton spectra:

  Little change with collision energy

Horvat CPOD

Strong species dependence 
in spectra change
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Generic features of A-A collisions - II
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Opposite trends in centrality seen at lower energies for different ensembles 

S. Das QM2012



Hui%Wang%for%STAR%

FreezeAout%Parameters%

THERMUS%Model:%
Tch%and%μB%

Par=cles%used:%%
π,%K,%p, Λ,%K0s, Ξ%

8%2/4/13%

Au+Au%

Chemical%

kine=c%

Blast%Wave:%%
Tkin%and%%<β>%

Par=cles%used:%%
      π ,K,p%

Andronic:%NPA%834%(2010)%237%%
Cleymans:%PRC%73%(2006)%034905%%
Au+Au%200%GeV%:%Phys.%Rev.%C%83%(2011)%24901%%

0A5%%

%%%%%%%%%%

Lokesh Kumar, CPOD-2013 

Tch vs µB  
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  Centrality 
dependence 
more for 
lower 
energies 

  GCE and 
SCE show 
decrease of 
Tch and µB 
with centrality 
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  Centrality 
dependence 
more for 
lower 
energies 

  GCE and 
SCE show 
decrease of 
Tch and µB 
with centrality 

Not seen in 
simulations via AMPT
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Generic features of A-A collisions - II

4

Opposite trends in centrality seen at lower energies for different ensembles 

S. Das QM2012
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Generic features of A-A collisions - III
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π, K, p used in fits

Blastwave fits seem OK even 
at lowest collision energies

Expansion gets less violent and 
kinetic freeze-out occurs 
“earlier” ( or at least higher T)



CPOD2013; Napa California; March 2013

Where Does the QGP Turn Off?

20

H B
jW

(G
eV

/fm
2 /c

)

Npart
Critical Hc from lattice ~0.6 GeV/fm3: lowest energy range explored 
still expected to be above transition region

No guarantee to see turn-off of QGP

Can we use v3 vs ¥snn to look for turn off of QGP pressure?

HcW (Hc=0.6 GeV/fm3 W=1fm)

Quark Matter 2013
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Generic features of A-A collisions - III
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Lattice:  
εc   ~ 0.6 GeV/fm3

Above critical density for all collision energies and centralities
QGP at all energies?
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7.7GeV
11.5GeV
19.6GeV
27GeV
39GeV
62.4GeV
200GeV STAR(2003)
2.76TeV ALICE

partN

STAR Preliminary

Stat. errors only

Not feed-down corrected
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Charged hadron RCP

7

Lower energies 
strongly enhanced - 
Cronin effect?

Drops below unity 
for √sNN ≥ 39 GeV

Need to disentangle Cronin and jet quenching effects



Jeffery T. Mitchell – CPOD 2013 - 3/11/13 22 

From the Cu+Cu energy scan: 
• Significant suppression at √sNN = 200 and 62.4 GeV 
• Moderate enhancement at √sNN = 22.4 GeV 

PRL101, 162301 

PHENIX 0 Energy Loss Measurements in Cu+Cu 
Collisions 
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Au-Au vs Cu-Cu

8

Mitchel CPOD

π0

Cu-Cu
RAA22.4  > RAA62 ~ RAA200

PRL101, 162301



RAA vs. Npart 

Jeffery T. Mitchell – CPOD 2013 - 3/11/13 24 

arXiv:1204.1526v1 

RAA at 62 GeV is similar to that at 
200 GeV. 
 
Strong suppression is still observed 
at 39 GeV, but it is less than at 
higher energies. 0 RAA results at 27 
GeV are coming soon. 

arXiv:1204.1526v1

Jeffery T. Mitchell – CPOD 2013 - 3/11/13 22 

From the Cu+Cu energy scan: 
• Significant suppression at √sNN = 200 and 62.4 GeV 
• Moderate enhancement at √sNN = 22.4 GeV 

PRL101, 162301 

PHENIX 0 Energy Loss Measurements in Cu+Cu 
Collisions 
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Au-Au vs Cu-Cu

8

Mitchel CPOD

π0

Cu-Cu
RAA22.4  > RAA62 ~ RAA200

PRL101, 162301

Cu-Cu & Au-Au show similar trends

Au-Au 
 RAA39  > RAA62 ~ RAA200
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PID RCP  Horvat CPOD

9Similar features seen for anti-particles

Species dependent effect seen as in original Cronin data

Rcpp > RcpK > Rcpπ Particle ratios changing 
as function of √sNN 
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Strangeness RCP
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Nasim CPOD

Cronin effect seems to be a mass effect - although errors large

Grazyna Odyniec/LBNL   

RCP of various strange hadrons   

Baryon-meson splitting reduces with decrease of energy and at 7.7 is gone, 
indicating decreasing partonic effects at lower energies 
For K0

pt>2 GeV/c : RCP<1 for √sNN> 19 GeV and >1 for √sNN<11.5 GeV 

QM 2012 : 

17 CPOD 2013, March 11-15, Napa, California, USA  



Strange Quark Dynamics
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¾ Intermediate pT ȍ/ࢥ ratios: Indication of separation between � 19.6 and 11.5 GeV.
¾ Derived strange quark pT distributions show a trend of separation between  � 19.6  

and 11.5 GeV.
Change of ȍ production mechanism ? Parton recombination fails at 11.5 GeV ?

Hwa & Yang, Phys. Rev. C 75, 054904 (2007), Phys.�Rev.�C�78,�034907�(2008).

STAR�preliminary

3/13/13 CPOD�2013

STAR�preliminary

Statistical�+�Systematic�error

STAR�preliminary STAR�preliminary
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Parton recombination ending

11

Between 19.6 and 11 GeV: 

Derived s quark pT distribution changes

ɸ v2 no longer follows meson distribution
 - low ɸ v2 could imply hadronic dominance

 

Change in dominant particle 
production mechanisms?

(Better statistics would be nice)
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14%

•  $Difference$in$posi=ve/nega=ve$charged$par=cle$v2$$$$$$
•  Increasing%with%decrease%of%beam%energy%%
•  v2(K+)>v2(KA)%at%7.7A19.6%GeV%
•  v2(πA)%>v2(π+)%at%7.7A19.6%GeV%

•  Possible$explana=on%
•  Baryon%transport%to%midArapidity?%%%%%%%%%
% %%%%%%%%%%ref:%J.%Dunlop%et%al.,%PRC%84,%044914%(2011)%

•  Hadronic%poten=al?%%%
% %%%%%%ref:%J.%Xu%et%al.,%PRC%85,%041901%(2012)%

%

•  Universal%trend%for%most%of%par=cles%

•  �%meson%v2%deviates%from%other%
par=cles%at%low%energies.%More%data%
for%7.7%and%11.5%GeV%are%needed%for%
clear%conclusion%

2/4/13%

arXiv:1301.2348%
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RAA vs RCP 

12

Centrality dependence to the Cronin Effect?

d-Au: enhancement larger in peripheral 
collisions

- were expected to be more “p-p” like

Au-Au 200
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RAA vs RCP 
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Centrality dependence to the Cronin Effect?

d-Au: enhancement larger in peripheral 
collisions

- were expected to be more “p-p” like

Au-Au 200
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RAA vs RCP 
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Centrality dependence to the Cronin Effect?

d-Au: enhancement larger in peripheral 
collisions

- were expected to be more “p-p” like

Au-Au 200

RCP cancels some of the Cronin - maybe too much
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Is xT better variable than pT?

13

Physics Letters B 637 (2006) 161–169 p-p spectra converge at 
large xT over large range in 

√sNN when yield scaled 
by (

p
s/GeV )6.5±0.8

Does this scaling persist in 
A-A collisions?

xT =
2pTp
s

Horvat CPOD



STAR Preliminary
Stat. errors only

RCP:  √sNN dependence remains

xT not the appropriate scaling 
and/or centrality dependence to 
exponent (6.5±0.8) 
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Is xT better variable than pT?

13

Physics Letters B 637 (2006) 161–169 p-p spectra converge at 
large xT over large range in 

√sNN when yield scaled 
by (

p
s/GeV )6.5±0.8

Does this scaling persist in 
A-A collisions?

xT =
2pTp
s

Horvat CPOD
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Can we extract Cronin from models
• HIJING 1.383

– jet quenching on or off
– modeled as -dE/dx within the medium
– default Lund splitting parameters a=0.5,b=0.9

• AMPT v1.21/v2.21(uses HIJING 1.383)
– string melting (SM) off uses Lund string fragmentation for 

hadronization (v1.21)
– SM on uses quark coalescence for hadronization (v2.21)
– default Lund splitting parameters a=2.2, b=0.5

14

f (z)∝
1− z( )a

z
e−bm⊥

2 / zLund fragmentation formula: 
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HIJING quenching on

•  Similar behavior to data
• 200 GeV has odd low pT behavior
• Generally overestimates RCP

15

DATA HIJING
Ncoll



Helen Caines - BNL - April 2013

HIJING quenching off

• 200 GeV better behaved at low pT
• 7.7 GeV barely changed from quenching on

16

DATA HIJING
Ncoll
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AMPT SM off

• Minimal beam energy dependence
• Sharp turn over near 2.5 GeV/c 

17

DATA AMPT
Ncoll
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AMPT SM on

• recovers beam energy dependence

• limited pT reach 
- same number of events for SM on/off

18

DATA AMPT
Ncoll
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HIJING default/AMPT settings

HIJING with default or AMPT’s Lund splitting parameters

• small effect on RCP 

19

Ncoll
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HIJING with differing Lund parameters 

20

RCP HIJING Lund values 
____________________________________________ 

RCP AMPT Lund values 
 

RCP essentially unchanged
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HIJING with differing Lund parameters 

20

RCP HIJING Lund values 
____________________________________________ 

RCP AMPT Lund values 
 

RCP essentially unchanged

central spectra 
ratio 

peripheral spectra 
ratio 

Peripheral and central spectra 
vary in same manner
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Conclusions on quenching
• Results taken at face value suggest QGP down to lowest 

beam energy

• Disentangling initial from final state close to impossible 
without control data

• (some) Models get trends OK but none get details

• Need to compare to numerous measurements to gain 
understanding

• BES data confusing, and more interesting than folks thought

21



Initial Conditions
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Importance of initial conditions

23

Phys. Rev. Lett. 98, 242302 (2007) 

accounting for fluctuations 

σy
2


σx
2
 σx

2

σy
2


PHOBOS - Cu-Cu importance of principle axis

Alver and Roland - v3 exists and plays key role

PHOBOS
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Importance of initial conditions

23

Phys. Rev. Lett. 98, 242302 (2007) 

accounting for fluctuations 

σy
2


σx
2
 σx

2

σy
2


PHOBOS - Cu-Cu importance of principle axis

Alver and Roland - v3 exists and plays key role

CPOD2013; Napa California; March 2013

Intermediate pT correlations

12

Viscosity or freeze-out temperature can be tuned 
to match the V3¨/V2¨ ratio

Interplay between length scales: careful studies 
needed to disentangle various effects (global fits)

STAR Phys. Rev. C 85 (2012) 14903

Viscosity or T can be 
tuned to match V3Δ/V2Δ

Need variety of data to 
pin down initial conditions

PHOBOS



⌘

s
= 0.08 ! 0.2
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Importance of initial conditions - II

24

Details of initial configuration are large source of uncertainty

only on the value of !=s for the QGP but not on any details

of the model from which " and S ¼ "
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihy2i

p
are com-

puted. To good approximation, switching between initial
state models shifts points for a given collision centrality
along these universal curves, but not off the lines. For
example, reducing the final multiplicity by renormalizing
the initial entropy density shifts the points towards the left
but also downward because less elliptic flow is created, due
to earlier hadronization. The significantly larger h"parti from
the KLN model generates more v2 than for the Glauber
model, but the ratio v2=" is almost unchanged. Slightly
larger overlap areas S for the KLN sources decrease
ð1=SÞðdNch=dyÞ, but this also decreases the initial entropy
density and thus the QGP lifetime, reducing the ratio v2=";
the result is a simultaneous shift left and downward. Early
flow [34] (#0 ¼ 0:4 fm=c for !=s ¼ 0:08) increases v2="
by$5%, but the separation between curves corresponding
to !=s differing by integer multiples of 1=ð4"Þ is much
larger. Only in very peripheral collisions is the universality
of v2=" vs ð1=SÞðdNch=dyÞ slightly broken [36].

The clear separation and approximate model independence
of the curves in Fig. 1(b) corresponding to different
ð!=sÞQGP values suggests that one should be able to extract
this parameter from experimental data. However, only v2

and dNch=dy are experimentally measured whereas the
normalization factors " and Smust be taken from a model.
Figure 2 shows a comparison of the theoretical curves from
Fig. 1(b) with STAR data normalized by eccentricities and
overlap areas taken from different initial state models that
were all tuned to correctly reproduce the centrality depen-
dence of dNch=dy shown in Fig. 1(a) [37]. Since, for the
same model, the eccentricities and overlap areas depend
somewhat on whether they are calculated from the initial
energy or entropy density, the same definitionsmust be used
in theory and when normalizing the experimental data.

Both panels of Fig. 2 show the same data, in panel (a)
normalized by ", S from the MC-KLN model and in (b)

with the corresponding values from the MC-Glauber
model. The theoretical curves are from the same models
as used to normalize the data. The figure shows that
comparing apples to apples matters: when comparing the

data for v2f2g=h"2parti1=2 with those for hv2i=h"parti, the
former are seen to lie above the latter, showing that non-
flow contributions (which cannot be simulated hydrody-
namically) either make a significant contribution to v2f2g
or were overcorrected in hv2i [28], especially in peripheral
collisions. The extraction of !=s from a comparison with
hydrodynamics thus requires careful treatment of both
fluctuation and nonflow effects.
The main insight provided by Fig. 2 is that the theoreti-

cal curves successfully describe the measured centrality
dependence of v2=", i.e., its slope as a function of
dNch=dy, irrespective of whether the measured elliptic
flow is generated by an initial MC-KLN or MC-Glauber
distribution. To the best of our knowledge, the hybrid
model used here to describe the dynamical evolution of
the collision fireball is the first model to achieve this. The
magnitude of the source eccentricity (and, to a lesser
extent, of the overlap area) disagrees between these two
models, and this is the main source of uncertainty for the
value for ð!=sÞQGP extracted from Fig. 2. Both the Glauber
and KLN models come in different flavors, depending on
whether the models are used to generate the initial entropy
or energy density. We have checked that the versions
studied here produce the largest difference in source ec-
centricity between the models. In this sense we are con-
fident that Figs. 2(a) and 2(b) span the realistic range of
model uncertainties for " and S.
We conclude that the QGP shear viscosity for Tc < T &

2Tc lies within the range 1< 4"ð!=sÞQGP < 2:5, with the
remaining uncertainty dominated by insufficient theoreti-
cal control over the initial source eccentricity ". While this
range roughly agrees with the one extracted in [7], the
width of the uncertainty band has been solidified by using a
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FIG. 2 (color online). Comparison of the universal v2ð!=sÞ=" vs ð1=SÞðdNch=dyÞ curves from Fig. 1(b) with experimental data for
hv2i [28], v2f2g [39], and dNch=dy [33] from the STAR Collaboration. The experimental data used in (a) and (b) are identical, but the
normalization factors h"parti and S used on the vertical and horizontal axes, as well as the factor h"2parti1=2 used to normalize the v2f2g
data, are taken from the MC-KLN model in (a) and from the MC-Glauber model in (b). Theoretical curves are from simulations with
MC-KLN initial conditions in (a) and with MC-Glauber initial conditions in (b).
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Importance of Initial conditions - III 
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Gale, Jeon, Schenke, Tribedy, Venugopalan 

Different functional forms for 
η/s(T) can result in  similar mean 
η/s values

Can’t distinguish with models 
between constant η/s or 
temperature dependent η/s with 
minimum at Tc with only one 
collision energy

Variety of collision energies 
needed to disentangle
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Temperature Dependence of Ș/s

15

Temperature dependence can’t be assessed with one energy. Requires 
full analysis across a range of initial energy densities ÎBES data

Schenke, Tribedy, Venugopalan,
Phys.Rev.Lett. 108:25231 (2012) 

C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venugopalan

<Ș/s> estimate for RHIC is 40% smaller than LHC estimate

Helen Caines - BNL - April 2013

η/s as a function of collision energy
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CPOD2013; Napa California; March 2013

Temperature Dependence of Ș/s

15

Temperature dependence can’t be assessed with one energy. Requires 
full analysis across a range of initial energy densities ÎBES data

Schenke, Tribedy, Venugopalan,
Phys.Rev.Lett. 108:25231 (2012) 

C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venugopalan

<Ș/s> estimate for RHIC is 40% smaller than LHC estimate

Mean η/s 40% smaller at 
top RHIC energies than at 
the LHC

Does this keep dropping 
with beam energy?
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Vn at top beam energies
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Jeffery T. Mitchell – CPOD 2013 - 3/11/13 33 

v2, v3, v4 as a function of sNN 

Similar pT distributions for all vn for √sNN  = 39-200 GeV

Likely numerous things changing that happen to cancel out
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Beam Energy Dependence of v3

22

Y. Pandit, STAR, Quark Matter 2013

Hadronic model

STAR data

Hadronic model 

STAR data

D. Solanki et. al.: Physics Letters 

B 720 (2013), pp. 352-357

STAR data follows the QGP model expectations throughout 

the measured energy range
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v3 and sensitivity to EoS

28

v3 sizable even at 7.7 GeV 
- jet contribution essentially zero
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Beam Energy Dependence of v3
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Y. Pandit, STAR, Quark Matter 2013

Hadronic model

STAR data

Hadronic model 

STAR data

D. Solanki et. al.: Physics Letters 

B 720 (2013), pp. 352-357

STAR data follows the QGP model expectations throughout 

the measured energy range
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v3 and sensitivity to EoS

28

CPOD2013; Napa California; March 2013

Beam Energy Dependence of v3

22

Y. Pandit, STAR, Quark Matter 2013

Hadronic model

STAR data

Hadronic model 

STAR data

D. Solanki et. al.: Physics Letters 

B 720 (2013), pp. 352-357

STAR data follows the QGP model expectations throughout 

the measured energy range

STAR data in reasonable agreement 
with QGP version of AMPT for all √sNN

v3 sizable even at 7.7 GeV 
- jet contribution essentially zero
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Pre BES - Azimuthally sensitive HBT
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transport)predic'ons)(or)“untuned)postdic'ons”))

Cri'cal)Point)and)the)Onset)of)Deconfinement)(CPOD)))&)March)2013)&)Napa,)California)&)Mike)Lisa)&)STAR)

•  sensi'vity)to)EoS)

•  naive)expecta'on:)absent)something)special,)monotonic)decrease)
•  higher)energy)!)more)pressure)!)evolve)to)smaller)εF)
•  higher)energy)!)longer)life'me)!)evolve)to)smaller)εF)

Lisa)et)al,)New)J.)Phys)2011)

15)

  
ε F ≡

y2 − x2

y2 + x2

Cri'cal)Point)and)the)Onset)of)Deconfinement)(CPOD)))&)March)2013)&)Napa,)California)&)Mike)Lisa)&)STAR) 17)

2000):)E895/AGS)
)PLB496)1)(2000))

2004:)STAR/RHIC))
)200)GeV)
)PRL93)012301)(2004))

2008:)CERES/SPS)
)PRC78)064901)(2008))

Very)sparse,)but)intriguing)data)systema'cs)

Pre&RHIC)BES)

" f
⇡

�
2
R

2
o
,
2

R
2
s
,
0

Sensitive to EoS
Naively:
 higher √sNN → higher pressure → evolve to smaller ɛf

 higher √sNN → longer lifetime   → evolve to smaller ɛf 

CERES data hint at something interesting
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Azimuthal HBT
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STAR)BES)results)[prelim])

Cri'cal)Point)and)the)Onset)of)Deconfinement)(CPOD)))&)March)2013)&)Napa,)California)&)Mike)Lisa)&)STAR) 23)

STAR)preliminary)

•  shallow)monotonic)decrease...)
...)including)at)CERES)rapidi'es)

•  sensi'vity)to)EoS)and.....)

Shallow monotonic decrease for STAR 
data - even for CERES acceptance

M.Lisa CPOD

Sensitivity to initial-state/viscosity 
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Azimuthal HBT
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STAR)BES)results)[prelim])

Cri'cal)Point)and)the)Onset)of)Deconfinement)(CPOD)))&)March)2013)&)Napa,)California)&)Mike)Lisa)&)STAR) 23)

STAR)preliminary)

•  shallow)monotonic)decrease...)
...)including)at)CERES)rapidi'es)

•  sensi'vity)to)EoS)and.....)

Shallow monotonic decrease for STAR 
data - even for CERES acceptance

M.Lisa CPOD

Sensitivity to initial-state/viscosity 

Cri'cal)Point)and)the)Onset)of)Deconfinement)(CPOD)))&)March)2013)&)Napa,)California)&)Mike)Lisa)&)STAR) 26)

Sensi'vity)to)fundamental)transport)coefficients)

•  Two)ini'al&state/viscosity)combina'ons)that)give)degenerate)results)in)azimuthal)
momentum)space,)are)non-degenerate*in*azimuthal*coordinate*space*
•  an)important)handle)on)a)fundamental)QCD)coefficient)

STAR)preliminary)
MC&KLN)η/s)=)0.2)

MC&Glauber)η/s)=)0.08)

Shen)and)Heinz)(PRC85)054902)(2012)))

Azimuthal Coordinate space 
measurement breaks degeneracy 
from azimuthal momentum space  
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¥sNN
(GeV)

ȝB
(MeV) BES-I BES-II Physics Motivation Weeks**

200 24 0.5-2 (B) Heavy flavor hadron  v2 & RAA

39 112 130 (M)

27 156 70 (M)

19.6 206 36 (M) 400 (M) LMR di-electron*, net-p ț>5ı 2
15 250 100 (M) ȍ yield, ࢥ-meson v2 (� 3GeV/c) 2

11.5 316 12 (M) 120 (M) net-p ț 3.5
7.7 420 5 (M) 80 (M) net-p ț 10

* Di-electron measurements below 19.6 GeV are not planned
** Estimates are based on electron cooling upgrade currently under development and are approximate 
without electron cooling, the program would require ~150 weeks

Beam Energy Scan Phase II

Program requires e-cooling upgrade (x10 improvement in luminosity): Timescale 2017

32
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Future prospects - BES-II and fixed target

31

QCD phase diagram

✤  We have created a new 
state of matter at 
√(sNN) = 200 GeV consistent 
with the QGP ! 

✤  In 2010 and 2011 an 
extensive beam energy scan 
was undertaken at RHIC 
with a major goal to find the 
critical point.

✤  Fixed target collisions will 
extend the physics analysis 
to even lower √s. 

2

Fixed target 
experiment at 
STAR will push 
down to even 
lower µB

Grazyna Odyniec/LBNL   

µB extended range in STAR due to fixed target program  

Fixed-target running allows much 
higher rates without e-cooling at 
lower energies 

Minimal impact on concurrent 
operation 

42 CPOD 2013, March 11-15, Napa, California, USA  
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Conclusions
• I’m in the minority but I think pA BES would be 

very interesting

• Hopeful can disentangle contributions to initial 
state via variety of measurements - HBT making a 
comeback?!?!!

• Lots of puzzles from the BES 
– even if hints for Critical Point and 1st order 

transitions are not leaping out

32



The End


